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INTRODUCTION 
Increasing energy costs , continuing interest in more efficient use 
of water , and the availability of low cost plastic tubes initiated the 
idea of trail tube irrigation . Trail tubes are perforated poly-flex 
hoses similar to the laterals of a trickle irrigation system . These 
tubes connected to the main line of a center pivot system can be used 
to replace sprinklers . The main line of a center pivot system provides 
the water supply and the mobility . The arrangement of a trail tube 
irrigation system is similar to a traveling trickle system (Rawlins , et 
al . ,  1 9 7 9 ) . 
Advantages of trail tube irrigation are its low energy consumption 
and its high water use efficiency . Trail tube operating pressures can 
be much lower than the pressure used in the conventional center pivot 
irrigation system . Such reduction in pressure represents a saving 
in energy consumption . Trail tubes also distribute water near the 
ground surface , which minimize water losses due to evaporation and wind 
effects . Decreasing water losses results in an improvement in water 
use efficiency . 
A theoretical analysis of trail-tubes was presented in a paper , 
"Analysis of Irrigation by Trail Tubes", (Chu , 1982) . The purpose of 
this study is to evaluate the theory by laboratory measurements . 
The objectives of the study were : 
1. To determine the roughness coefficient of the poly-flex hoses . 
2 .  To determine the discharge coefficient of the perforations in 
the tubes . 
3 .  To measure the average jet distance of the perforations . 
4 .  To measure the distributions of flow rate and pressure along 
the tube . 
5. To compare the measured distributions with the theoretical 
results . 
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LITERATURE REVIEW 
Friction Loss Formulas 
Water flow in pipes is accompanied by a loss of pressure due to 
�riction. This loss depends on the roughness of the inside walls of 
the pipe , the diameter of the pipe , the viscosity of the water , and the 
velocity of the flowing water in the pipe. Many formulas for friction 
loss in pipes express the relationships between the factors involved. 
These empirical formulas have been developed from test data. The 
formulas most commonly used are: 
A. Darcy-Weisbach's Formula (Pair , 1975) 
L v2 = f-­D 2g 
Where Hf = the loss of pressure in pipeline , ft , 
f the friction factor , 
L = the length of line , ft , 
D = the pipe diameter , ft , 
v the average velocity , ft/sec , and 
g the acceleration due to gravity = 32.16 ft/sec 2 . 
In the above formula , the friction factor (f) depends primarily 
on the roughness of the pipe material , but also on velocity and pipe 
(1) 
diameter. The friction factor values range from 0.015 for large smooth 
pipe to about 0.050 for very rough pipe , Christiansen (1942). 
B .  Hazen-Williams Formula (Brater and King , 1976) 
v = 1.318 c �63·s·54 (2) 
Where V average velocity , ft/sec , 
3 
c = friction-loss coefficient, 
� 
= D/4 for round pipe flowing ful l, 
D is the diameter of pipe in ft, and 
s = Hf/L = energy loss per foot of pipe. 
The typical values of the Hazen-Williams friction-loss coefficient 
(C) , are given in Table 1 .  
Table 1: Hazen-Williams Friction Coefficient, C. 
Type of Pipe 
Extremely smooth and straight 
Very smooth 
New riveted steel 
Old riveted steel 
Old cast iron 
Old pipes in poor condition 
C .  Scobey's Formula (Schwab , et al . 1966)  
L Q
l
. 9 -8 
H = K - (1 . 45 x 10 ) f s D4 . 9 
Where Hf total 
friction loss, ft, 
C Value 
140  
130  
110  
1 00 
95  
60  to 80  
K = Scobey's coefficient of retardation, s 
L l ength of pipe, ft, 
Q total discharge, gpm, and 
D inside diameter , ft . 
Valuis of K range from about 0 . 3  for smooth pipe to s 
for very rough pipe (Christiansen, 1942) . 
(3) 
1.0 or higher 
4 
It is confusing that f ,  C ,  and K have different names. However , s 
they are similar in nature because they represent empirical constants 
in different friction formulas . To avoid confusion , these constants 
will be referred to as friction coefficients in the following study . 
Flow Formula and Orifice Coefficient 
The flow rate in pipes and orifices can be described by the 
continuity equation and the orifice flow formula . 
Pipe Flow: Based on the conservation of mass principle, the flow 
rate of water in a pipe is represented by the product of average 
velocity of the water and cross-sectional area of the pipe (Pair , et 
al. 1 975) . 
Q = A V  (4) 
Where Q = flow rate , cfs , 
A cross-sectional area of flow , 2 and = ft , 
v = average velocity of flow, ft/sec. 
Orifice Flow: An orifice is an opening with closed circumference 
through which water flows (Brater and King , 1976) . The flow rate of an 
orifice is described by the orifice flow equation 
Where Q 
A 
discharge , cfs , 
cross-sectional area of the orifice , ft2 
the coefficient of discharge which is the product 
of the coefficient of contraction (CC) and the 
coefficient of velocity (CV)' 
(5) 
5 
in 
g = acceleration of gravity, ft/sec , and 
h = the pressure head, ft 
For practical convenience the orifice flow equation can be written 
the following way (Christiansen and Davis, 1967). 
q = 38 C
Q 
a (P)0.5 (6) 
Where q = discharge , gpm, 
orifice area, in 2 a = 
P = pressure head as presented in psi . 
The discharge coefficient of an orifice has been the topic of 
6 
many studies . Hamilton Smith, 1886 (in Brater and King, 1976), reported 
that for circular orifices with a diameter of 0.02 feet, the discharge 
coefficients (C
Q
) were found-to be 0.632 and 0.611 at a pressure head 
of 2 and 10 feet, respectively . The C
Q 
was 0.595 for a diameter of 1 
foot at heads of 2 and 10 feet . 
Values of the discharge coefficient for 1 inch orifices were 
determined by various investigations and were found to be different . 
The differences are not entirely due to experimental error . Other 
factors may contribute , for example the ratio of the orifice diameter 
to the tank wall , the sharpness of the orifice edge , the smoothness of 
the inner surface , the orifice plate , and the temperature of the water . 
When the tank wall thickness is close to the size of the orifice 
diameter , the contraction will be suppressed and CQ 
approaches the 
value of CV (Brater and King , 1976). 
The relation between Reynold's number (R) and CQ was presented by 
Brater and King (Figure 12) . · The dotted line (A-B) in this Figure was 
the range of R covered by the tests of Medaugh and Johnson (1940) . In 
this range , the CQ was approximately a constant, equal to 0 . 60 .  
A discharge coefficient of 0 . 6  for a sharp-edged orifice, a 
standard orifice, can be found in many text books , for example Pederson 
(1971) . 
Trail-Tube Irrigation 
7 
The development of economical plastic tubes during the 1950's 
helped initiate the practice of trickle irrigation . Such a system 
applies water at a low rate through mechanical devices , called emitters , 
located at selected points along plastic tubes . In the 1970's, the 
research in trickle irrigation entered its well developed stage . The 
two major problems associated with this type of irrigation T·:rere the 
clogging of the emitters and the high cost of the total quantity of 
material (Howell, et al . ,  1980) . These problems prompted the intro­
duction of traveling trickle systems . On a trail tube , many small 
orifices can be substituted by a small number of large orifices to 
diminish the hazard of clogging . Furthermore , a traveling tube can 
replace many stationary tubes to reduce the total material cost (Rawlins , 
et al . 1979) . 
The traveling trickle system did not receive widespread acceptance 
because there was no adequate carrier to provide mobility . A traveling 
sprinkler system was suggested to be used as a carrier for the trickle 
tubes (Rawlins, et al . ,  1979) , but the replacement of sprinklers with 
traveling tubes on a center pivo·t system did not seem to be attractive 
at that time . 
Increasing energy costs and the desire for increased water-use 
efficiency gradually shifted research interest toward trail tube 
irrigation . Since 1978, extensive research on trail-tube systems has 
been conducted in the states of California, Texas, Arizona, and Idaho 
(Howell, Phene, and Sanders, 198 0) . These studies utilized the main­
frame of a linear-travel sprinkler system as a carrier and water sourc� 
for trail tubes . A practical difficulty associated with using a linear­
travel sprinkler system as a carrier is that the direction of trail 
tubes has to be reversed at the end of the field so that irrigation can 
be continued on its returning trip . In this study, the frame of a 
center pivot irrigation system is to be used as a carrier for the trail 
tubes . The traveling path of a center pivot system is in concentric 
circles, and the direction of travel normally does not reverse during 
operations . The existing difficulty of a linear carrier is avoided by 
a center pivot tube carrier . 
A trail tube is a specific type of irrigation lateral because of 
8 
its unique application pattern . The fluid mechanics of an irrigation 
lateral consist of two parts : the total friction loss, and the 
dimensionless pressure distribution of an irrigation lateral (Chu , 198 2 ) . 
The friction loss of a lateral in a hand move irrigation system 
was studied by Christiansen (1942) . He introduced an F factor to 
represent the friction loss of a lateral as a fraction of the friction 
loss of an associated supply pipe which has the same characteristics . 
These characteristics include size, length , surface roughness, and total 
flow rate similar to those of a lateral (Christiansen , 1942 ) . Merrian 
(1968)  described the pressure distribution of a lateral in a hand move 
irrigation system . He mentioned that a little over 50% of the pressure 
loss occurs in the first 1/5 of the length , and about 87% in the first 
1/2 . Chu and Moe (1972) investigated the fluid mechanics of a center 
pivot irrigation system . They obtained the F factor of a center pivot 
irrigation system and introduced a distribution factor to describe the 
pressure distribution of a center pivot system . Chu (198 2) defined the 
distribution factor as a normalized version of the energy grade line . 
The energy grade line as defined by Brater and King ( 1976) is the line 
representing the total energy at any point� Wu, Howell , and Hiler 
(1979) studied the hydraulics of the lateral in a trickle irrigation 
system in detail . They prepared design charts for trickle laterals 
under various operating conditions including conditions of non-uniform 
slopes and conditions of varying pipe sizes . 
Soil Intake Families 
The water intake by soils , Soil Conservation Service (SCS , 1964) 
is the movement of irrigation water from the surface into and through 
the soil . Water intake is the expression of several factors including 
infiltration and percolation . 
The classification of soils into intake families or groups is 
based upon analyzing cylinder-infiltrometer data from large numbers of 
sites . Soil of minor differences are considered together as a group . 
The SCS (1976) classified soils into eight intake families or groups . 
These groups have been assigned numbers such as 0 . 1, 0 . 3 ,  • 4 . 0 .  
These numbers approximate the basic-rate values for soils in those 
families . The basic intake rate is the nearly constant rate developed 
9 
after some time has elapsed from the start of irrigation . The time 
required to infiltrate a certain depth of water cah be calculated by 
using the equation of the intake families used by SCS , (Hart , 1980) . 
This equation can be written as follows : 
b F = a t + c 
Where F = the cumulative intake or the depth of infiltrated 
water , mm, 
t = the time required to infiltrate a certain depth 
of water , min , and 
a ,  b ,  and c = constants associated to each intake family . 
Values of the constants are shown in Table 2 .  
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Table 2 :  Constants for Different Intake Families . (Adapted from ASAE , 
'Monograph No . 3 ,  1980 . 
Intake famil� a b c 
0 . 05 0 . 53 34 0 . 618 7 . 0  
0 . 10 0 . 6198 0 . 661 7 . 0  
0 . 15 0 . 7110 0 . 68 3  7 . 0  
0 . 20 0 . 7772 0 . 699 7 . 0  
0 . 25 0 . 8534 0 . 711 7 . 0  
0 . 30 0 . 9246  0 . 72 0  7 . 0  
0 . 35 0 . 9957 0 . 729 7 . 0  
0 . 4 0  1 . 064 0  0 . 736  7 . 0  
0 . 45 1 . 1300 0 . 74 2  7 . 0  
0 . 50 1 . 1960 0 . 748 7 . 0  
0 . 60 1 . 3 210 0 . 757 7 . 0  
0.70 1 . 44 3 0  0 . 766 7 . 0  
0 . 8 0  1 . 5600 0 .773 7 . 0  
0 . 90 1 . 674 0 0 . 779 7 . 0  
1 . 00 1 . 7860  0 . 785 7 . 0  
1 . 50 2 . 2840  0 . 799 7 . 0  
2 . 00 2 . 7530 0 . 8 08 7 . 0  
Methods and Procedures 
Theory 
The theory of trail-tube hydraulics (Chu, 198 2) can be divided 
into three parts: tube flow rate distribution, total friction loss , 
and pressure distribution . 
The tube flow rate is described by the following equation . 
Where Qo = 
� = 
L = 
B = 
0 . 5 
1 - B(x) L 
X - (1 - B)­L 
total flow rate of trail tube, 
the flow rate at a distance x from the upstream 
end of the tube, 
the length of the trail tube, 
A (VL)0•5/[A (VL)
0• 5 + A  L] = 0 0 1 a constant, 
(8) 
V = the constant traveling speed of the trail tube, and 
A0 and � are the infiltration parameters of Philip's 
model (1957) . 
The total friction loss is given by the following equation . 
0 0 . 5 
f . [1 - B (X) 
1 L 
1 . 85 
- (1 - B) X] d (X) · L L 
the total friction loss of a perforated tube, 
(9) 
the total friction loss of the trail tube without 
perforations, and 
F = the F factor of trail tube . 
11 
The pressure distribution is represented by the following equation . · 
12 
1 Ix/ L 0.5 1.85 
F l [1 - B (�) - (1 - B) �] d(�) (10) 
Where H the distribution factor of the trail tube after Chu 
(1982) , and 
H = the friction loss from the point x to the downstream X 
end of tube . 
A graphical representation of equations 8, 9, and 10 is provided 
in Figures 1, 2, and 3, respectively , to facilitate their application 
in practice . These Figures are -the same as ·�he Figures provided by Chu 
(1982) . The numerical procedure to obtain these curves is provided in 
Appendix C. 
The theory was based upon the assumptions that the energy 
associated with the flow velocity , the kinetic energy , is usually small , 
and can be geglected , and that the land is level . It was observed in 
this study that the kinetic energy in the trail tubes was substantial , 
which contradicts the assumptions made in the previous study (Chu, 1982). 
However , based upon conservation of energy principle , the theory can be 
extended to the condition where the land has uniform slopes and where 
the kinetic energy is not neglible by modifying equation 10. This 
modified equation represents the distribution of total energy loss 
rather than the pressure distribution . The modified version of the 
trail tube theory is to be evaluated in this study. 
In the derivation of theoretical results , Equations 8 to 10, the 
perforation flow rate was represented by the orifice flow formula 
Q - Q = dO = 38 C a (P ) 0•5 2 1 � · Q X 
0. B • 0.0 
0.2 
0.4 
0.6 
o. 0.8 
Q 1.0 X 
Qo 
o. 
o. 
0�--------�--------�--------------------�--�--� 
0 0.2 0.4 0.6 0.8 1.0 
x/L 
Figure 1: Dimensionles s Tube Flo w Rate Distribut ion; Symbo ls Defined in 
Equation 8. 
1.0 
.8 
. 6  
FF 
0 �--------�--------------------�--------��--------� 
0 .2 .4 .6 .8 1.0 
B 
Figure 2 :  F factor o f  Trail Tubes; Symbols Defined i n  Equations 10 and 8. 
14 
B • o· 
.6 0.2 
H 0.4 
0.6 
0.8 
.4 1.0 
x/L 
Figure 3: Dimensionless Total Energy Loss Distribution (H) of Trail 
Tubes; Symbols Defined in Equations 8 and 10 . 
15_ 
Where Q2 
= the tube flow rate upstream of a perforation , 
Ql 
= the tube flow rate downstream of a perforation , 
dQ = the change of the tube flow rate at a distance x X 
away from the first perforation at the upstream 
side, 
a = perforation area in square inches , and 
P = pressure head at point x .  X 
The perforation flow rate can be obtained using the orifice flow 
formula , if the pressure and the_discharge coefficient are given . The 
pressure at any point along a tube can be determined with the help of 
the theoretical pressure distribution , but the discharge coefficient 
must be determined experimentally . 
The total friction loss (Hf) can be calculated by using one of 
the friction loss formulas , Equations 1 ,  2 ,  and 3 .  But the friction 
coefficient which represents the smoothness of tube material must be 
determined experimentally. 
Trail-tubes distribute water through perforations along the tubes . 
Water flowing out of these perforations is in the form of a jet . Jet 
distance is the maximum horizontal distance from the perforation to 
the jet fall , Figure 7 .  This distance is controlled by the operating 
pressure . A relationship between the pressure and the jet distance is 
needed in practice to select an appropriate tube spacing . Jet distance 
will be investigated by laboratory measurements in this study . 
Friction Coefficient Determination 
Friction loss was measured by the difference of water level in two 
1 6  
manometers established at both ends of a poly--flex hose , Figure 5 .  Two 
pressure regulators connected in series were used to maintain constant 
pressure during measurement , Figure 4 .  The tube flow rate was 
controlled by a gate valve and was measured by using a water-meter and 
a stop watch . A pressure differential range from 1 to 1 0  feet of water 
was used in the tests . Three tube sizes , including tube diameters of 
1/ 2 ,  3 / 4 , and 1 inch , were investigated . Tube length was 2 5  feet for 
testing the 1 / 2  inch tube and was 50 feet for other sizes . 
The measured friction loss under different flow rates was analyzed 
to evaluate the friction coefficient in a pipe friction model . Three 
models were evaluated in this study , including the Darcy-Weisbach 
formula , the Hazen-Williams formula , and Scoby's formula , Equations 1 ,  
2 ,  and 3 .  The model which provided the least variation in thr friction 
coefficient was to be selected to test the theoretical results . 
Discharge Coefficient Determination 
Ten equally spaced holes were drilled in a five foot tube . A 
manometer was established at each end of the tube , Figure 6 .  This tube 
was connected to a water-meter , two pressure regulators , and a flow 
control valve at the water source , Figure 4 .  Pressure regulators were 
used for controlling the pressure at the upstream side of the tube . 
The pressure was measured by the height of the water in the manometer . 
Average values of the pressure readings from the two manometers were 
used to represent the operating pressure . 
Flow rates were measured fr.om each of the ten perforations by a 
graduated cylinder and a stop watch . The value of each perforation 
17 
Figure 4: Pressure Regulations, Flow Control Value, Water. �ter, 
and Surveying InstrtlDElt. 
18 
Figure 5: Poly-Flex 'fube and :tv'Janooeters for Friction Loss Measurenents. 
19 
flow rate was used to determine the discharge coefficient in the orifice . 
flow formula , Equation 6 .  
The discharge coefficients were obtained for three sizes of 
perforations 1 / 1 6 , 5 / 64 ,  and 1/8  inch with three sizes of tubes 1/ 2 ,  
3/4 , and 1 inch in diameter under a pressure head ranging from 2 to 10 
feet of water . 
Jet Distance 
Jet distance is the maximum horizontal distance from the 
perforations to the jet fall , Figure 7, as defined earlier . Jet 
distance was measured after determining the discharge coefficient , 
using the same perforated tubes , in the following manner : The 
0 
perforated tubes were oriented at an angle of 45  with respect to the 
ground surface . Under such an angle the jet distance reaches its 
maximum . Average maximum jet distances of ten perforations were 
measured in this study . These measurements were determined for each 
tube size , for three perforation sizes , and at five pressures . 
Distribution of Tube Flow Rate and Pressure 
The distribution of tube flow rate determines the application 
pattern of a trail tube . Philip's infiltration model was used for 
matching the application pattern of trail tubes to the soil infil-
tration characteristics (Chu , 198 2) . There were two parameters 
included in this model , A0 and �' Equation 8 .  A following numerical 
example is presented to illustrate the procedures to determine these 
parameters for a typical soil in the 1 . 0 intake family . Philip's 
Figure 6: Perforated Poly-Flex Tube and Manorreters 
For Flow Rate �asurene:tt 
.............. 
Figure 7: Perforated Poly-Flex Tube for Jet Distance �uremmt 
20 
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infiltration model (1 95 7 )  is represented by 
(11)  
Where F the cumulative infiltration , in , and 
t = the infiltration time , min . 
From Table 2 ,  the constants for the 1 . 0  intake family are) a =  1 . 78 6 ,  
b = 0 . 7 85 ,  and c = 7 .  Substituting these constants in equation (7)  
results in 
F = 1 . 78 6  t
0•785 + 7 
Rearrangement of this equation gives 
F _ 7 1 . 2 7 39 
t = cl . 7 8 6> (12)  
Where F = the accumulative intake or the depth of infiltrated 
water , mm. 
Substituting in equation (12 )  for 
F = 1 inch (25 . 4  mm) , t = 1 9 . 5  minutes (13 )  
and for F = 2 inch (5 0 . 8  mm), t = 58 . 9  minutes . 
Substituting in equation number (11) 
for F = ·1 ,  and t = 19 . 5 ,  results in 
1 = A0 
(1 9.5 ) 0•5 + (19 . 5) � (14 ) 
for F = 2 ,  and t = 58 . 9 ,  results in 
2 = AO 
(58 . 9) 0·5 + (58 . 9) A1 (15 ) 
By solving equation (14 )  and (15)  results in 
A1 = 0 . 0009 ft/min
. (O . Ol05 in/min) , and 
(1 6) 
A0 = 0 . 0150 ft/min
°·5 (0 . 1801 in/min°·5 ) 
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Perforation size has a direct effect on the tube flow rate . 
Selection of perforation size depends on two factors: Hole size and 
clogging . Small holes are desirable because more holes along the tube 
provide more precision for tube flow adjustments . However, too small a 
hole should not be used because of clogging . 
The United States Department of Agriculture classifies soils into 
different groups according to texture (Schwab, et al . ,  1966) . These 
groups are gravel, sand, silt, and clay . The particle size r�nge of 
these groups are: more than 2, · 2 to 0 . 05, 0 . 05 to 0 . 002, and less than 
0 . 002mm, respectively . For this study, the smallest recommended 
perforation size that will allow the passage of large particles (sand 
2 mm) is 5/64 inch (2 mm) . 
The theoretical distribution of tube flow rate and pressure were 
tested for the conditions of the outermost trail tube on a center pivot 
system . The radial distance from this tube to the pivot is 1317 . 5  feet, 
Figure 9 .  The center pivot system is designed to apply one inch of water 
(depth of application) in a period of 3 days (time per revolution) . The 
system is assumed to irrigate on a 1 . 0  intake family soil, Table 2 .  The 
1 k f ·1 ·1 A 0.015 ft/m4n
°
· 5 , infiltration parameters of . 0  inta e am� Y so� are 0 
= � 
A = 0 . 0009 ft/min (Equation 16) and the time required to infiltrate 1 . 0  1 
inch of water was 19 . 5  minutes, Equation 13 . 
The following procedure is used to determine the length of tube . 
Let v be the traveling speed of the.center pivot system at a distance s 
equal to r from the pivot, Figure 9 .  Therefore, 
V = (
27Tr) (17 )  s TR 
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Where Vs = system traveling speed
, ft/min, 
2 nr = the circumference of a circle with a radius r ,  
ft , and 
TR = the time per revolution of a center pivot system , 
min . 
The center pivot system is designed to travel a distance equivalent to 1 
the tube length , L ,  within a period of time , t, which is the time of 
application described in equation 12. So 
v s 
L = -t 
Where L = tube length , ft, and 
t the time required to infiltrate a depth of water 
needs to be applied , min . 
Combine equations 1 7  and 18 to obtain 
L 
(18) 
(19 )  
The tube discharge (Q0) can be calculated as follows . Let the area 
to be irrigated by the tube equal A , and the depth of the application 
equal D • Therefore , the volume of water to be applied equals the a 
product of A and D • This volume to be applied in a time equal to TR . a 
So the tube flow rate is 
A(D ) 
Qo - ( TR
a
) 7 . 48 
Where A f 
2 tube irrigated area , t 
D depth of application , ft . a 
7.48 conversion factor . 
(20) 
Tube spacing is selected to be 5 feet in this study . This spacing is 
equivalent to having one tube in every other crop row . The irrigated 
area covered by the tube is 
A ( 
2 2
)
-= � r - r1 , Figure 9 
Where r = radial distance from the pivot center, ft , and · 
r1 = r - 5 feet 
A= n[(l320)
2
- (1315) 2] = 413 90 . 5  ft2 
Da = 1 inch = 1 / 2  f� (0 . 0833  ft) 
TR ( 3 ) (24) ( 60) = 4320 min 
Q = (41,3 90 . 48 (0 . 08 33) ) 7 . 48 = 5•97  GPM 0 . 4320  
The B - value for use in equation 8 was calculated 
B = [A (VL)
0•5]/[A (VL) 0·5 +A_ L] 0 0 -"""]_ 
B = [0 . 015(1 . 92 X 28)
0•5]/[0 . 015(1 . 92 X 38) 0•5 + 
0 . 0009(38 ) ] 
B 0 . 7 9 
Perforation spacing was calculated starting from the downstream 
end and working upstream . Minimum operating pressure of 2 pounds per 
square inch (psi) was selected for the downstream end of the tube , 
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Table 6 .  The calculations follow the procedure described by Chu (1 982) . 
A numerical example is shown below for a tube 3/ 4 inches in diameter . 
nD2 n(0 . 0628 ) 2 
Tube cross-sectional area (A) = � = 4 
Q0 
= (5 . 7 9) (0 . 002228)  = 0 . 12 9  cfs 
0 . 0031 ft2 
D 0 . 0628 
Hydraulic radius of tube (�) = 4 = 4_ = 0 . 015 7 ft . 
Substituting Hf/L for S and solving for Hf equation 2 becomes : 
H = f 
-__ v..;_ ___ 1 1 .  85 c ) L , thus 
D 0 . 63 1 . 318 c (4) 
H = [ 4 . 1613 ] 1 . 8 5  (38 )  f 1 . 318(135 ) (0.0157) 0•63 
H
f 
= 4 . 62 ft 
From Figure 2 ,  F = 0 . 214 for B = 0 . 7 9 .  
From equation (9) , the total friction loss of the perforated tube 
H
0 
= (F) (Hf) = (0 . 214 ) (4 . 62 )  = 0 . 99 ft 
From Figure 3, H = 0 . 0  for x/L = 1 . 0  (tube end) 
From equation (10) 
Hx 
= (H) (H0) = (0 . 0) (0 . 9 9) = 0 . 0 ft of water 
The.pressure at the tube end 
0 . 0  + 4 . 62 = 4 . 62 ft of water (2 Psi) 
From the orifice flow formula, Equation (6) 
q = 38 C a (P ) 0"5 Q X 
For the perforation diameter (d) 
area (a) 
5/64 inch , 
2 = 0 . 0 048 in , 
q 38(0 . 65) (0.0048) (P ) 
0
•5 , (CQ 0 . 65 from Table X 
q = 0 . 1184 (P ) 
0 .  5 . X 
The flow rate from the first perforation on the downstream side is 
25 
2A 
5) 
(21)  
determined using equation (21) . 
q = 0 . 1184(2)
0
"
5 = 0 . 1674 gpm 
From Figure 1 ,  Qx/Q0 = 0 . 0  for B= 0 . 79 and x/L = 1 . 0  
2 6  
Qx = 
(�0) ( 0  .• 0). = 0 . 0 , where Qx = tube discharge just beyond q1• 
The tube flow rate at the next perforation upstream (Between perforation 
1 and 2 ) , is 
Q = Q + q = 0.0 + 0 . 1674 = 0 . 1 674 gpm , and X X 
Q/Q = 
0 . 1674 = 0 028 9 0 5 .  79 . • 
from Figure 1 ,  the values of �/L are 
�/L = 0 . 95 when Q/Q0 = 0 . 0289  
Therefore , the spacing between the adjacent perforations (1  and 2)  is 
(1 - 0 . 95 ) L  = 0 . 05(38) = 1 . 9  ft 
From Figure 3 , for B =  0 . 79 (Equation 8 )  
H = 0 . 0  for x/L = 0 . 95 
From equation (10) 
H = 0 . 0(0 . 9 9) = 0 . 0  ft of water X 
The pressure at x/L = 0 . 95 = p X 
Px = Hx + P1 = 0 . 0  +.4 . 62 ft of water (2 Psi) 
From equation (21)  
q = 0 . 1184(2)0"5 = 0 . 1 674 gpm 
Tube flow rate at the next perforation upstream (between perforation 
2 and 3) is 
Q = Q + q = 0 . 01674 + 0 . 1 6 74 = X X 
Q/Q = 0.3348 = 0 . 0578 0 5 . 7 9 
From Figure 1 ,  the values of x/L are 
x/1 = 0 . 95 ,  when Qx/Q0 = 0 . 02 8 9  
x/L = 0 . 905, when Q/Q0 = 0 . 05 78 
0 . 3348 gpm 
So , the spacing between perforation 2 and 3 equals 
(0 . 9 5 - 0 . 9 05) 38 = 1 . 71 ft 
The procedures were continued until the discharge and the tube 
length were close to 5 . 7 9 gpm and 38 feet , Table 3 .  
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Based upon the information calculated in Table 3 ,  thirty-four 5/64 
inch perforations were drilled in a 3/4 inch poly-flex tube . Six 
manometer tubes were installed at 0 . 0 , 3 . 8 ,  11 . 4, 1 9 . 0 , 28 . 5 , and 38 . 0  
feet to obtain the distribution of total energy loss , Figure 8 .  Pressure 
regulators were used for controlling the pressure required at the 
upstream side of the tube . The elevations along the tube at the six 
manometers taps were measured by using a surveying level . A gate valve 
and two pressure regulators were used to control water flow . 
Flow rate through each perforation was determined by a graduated 
cylinder and a stop watch . Perforation flow rates were accumulated to 
obtain the tube flow rate distribution . 
�  
Figure 8: Perforated Poly-Flex and Six Manareters to �asure the 
Flav Rate and Pressure Distribution 
f .
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Figure 9 :  Schematic Diagram of Trail-Tube and Center Pivot System 
Showing the Area to be Irrigated by the Outer Tube , and 
the Symbols Used For Calculation. 
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Table 3. Perforation Spacing Along the Trail Tube 
HOLE H p qx Qx X X SPACING NUMBER H IN FEET IN PSI IN GPM IN GPM Qx/Qo x/L IN -FEET 
1 o . ooo o . oooo 2 . 0000 0 . 1674 o . oooo o . oooo 1 . 000 o . ooo 
2 o . ooo o . oooo 2 . 0000 0 . 1674 0 . 1674 0 . 0289 0 . 950 1 . 900 
3 o . ooo o . oooo 2 . 0000 0 . 1674 0 . 3348 0 . 0578 0 . 905 1 . 710 
4 o . ooo 0 . 0000 2.0000 0 . 1674 0 . 5022 0 . 0867 0 . 860 1 .710 
5 o . ooo o . oooo 2 . 0000 0 . 1674 0 . 6692 0 . 1156 0 . 8 15 1 . 710 
6 0 . 005 0 . 0049 2 . 0021 0 . 1675 0 . 8371 0 . 1446 0 . 775 1 . 710 
7 0 . 010 0 . 0099 2 . 0043 0 . 1676 1 . 0047 0 . 1735 0 . 735 1 . 710 
8 0 . 017 0 . 0168 2 . 0073 0 . 1677 1 .  724 0 . 2025 0 . 690 1 . 710 
9 0 . 027 0 . 0267 2 . 0116 0 . 1679 1 . 3403 0 . 2315 0 . 645 1 . 710 
10 0 . 039 0 . 0386 2 . 0167 (} . 168 1  1 . 5084 0 . 2605 0 . 605 1 . 520 
11 o . o50 0 . 0495 2 . 0214 0 . 1683 1 . 6767 0 . 2896 0 . 565 1 . 520 
12 0 . 068 0 . 0673 2 . 0291 0 . 1687 1 . 8454 0 . 3187 0 . 525 1 . 520 
13 0 . 088 0 . 0871 2 . 0377 0 . 1690 2 . 0 144 0 . 3479 0 . 485 1 . 520 
- 14 0 . 110 0 . 1089 2 . 0471 0 . 1694 2 . 1838 0 . 3772 0 . 445 1 . 520 
1 5  0 . 138 0 . 1366 2 . 0591 0 . 1699 2 . 3537 0 . 4063 0 . 410 1 . 330 
16 0 . 169 0 . 1673 2 . 0724 0 . 1704 2 . 5241 0 .435t 0 . 375 1 . 330 
17 0 . 200 0 . 1979 2 . 0857 0 . 1710 2 . 6951 0 . 46 55 0 . 340 1 . 330 
18 0 . 240 0 . 2375 2 . 1028 0 . 1717 2 . 8668 0 . 4951 0 . 310 1 . 140 
19 0 .275 0 . 2722 2 . 1178 0 . 1723 3 . 0391 0 . 5249 0 . 280 1 . 140 
20 0 . 316 - 0 . 3127 2 . 1354 0 . 1730 3 . 2121 0 . 5548 0 . 250 1 . 140 
21 0 . 364 0 . 3603 2 . 1560 0 . 1738 3 . 3859 0 . 5848 0 . 2 20 1 . 140 
22 0 .412 0 . 4078 2 . 1765 0 . 1747 3 . 5606 0 . 6150 0 . 190 1 . 140 
23 0 .462 0 . 4572 2 . 1979 0 . 1755 3 . 7361 0 . 6453 0 . 165 0 . 950 
24 0 . 510 0 . 5047 2 . 2185 0 . 1764 3 . 9125 0 . 6757 0 . 140 0 . 950 
25 0 . 564 0 . 5582 2 . 2416 0 . 1773 4 . 0898 0 . 7064 0 . 11 5  0 . 950 
26 0 . 625 0 . 6186 2 . 2678 0 . 1783 4 . 268 1 0 . 7372 0 .095 0 . 760 
27 0 . 680 0 . 6730 2 . 2913 0 . 1792 4 . 4473 0 . 7681 0 .075 0 . 760 
28 0 . 735 0 . 7274 2 . 3149 0 . 1801 4 . 6274 0 . 7992 0 . 055 0 . 760 
29 o .8oo 0 . 7918 2 . 3428 0 . 1812 4 . 8086 0 . 8305 0 . 04 2 - 0 . 475 
30 0 .840 0 . 8313 2 . 3599 0 . 1819 4 . 9905 o· . 86 19 0 . 030 0 . 475 
31 0 .885 0 . 8759 2 . 3792 0 . 1826 5 . 1731 0 . 8935 0 . 022 0 . 304 
32 0 . 920 0 . 9105 2 . 3942 0 . 1832 5 . 3563 0 . 9251 0 . 0 1 5  o .  2.66 
33 0 . 940 0 . 9303 2 . 4027 0 . 1835 5 . 5398 0 . 9568 0 . 008 0 . 266 
34 0 . 968 0 . 9580 2.4147 0 . 1840 5 . 7238 0 . 9886 0 . 00 1  0 .266 
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Results and Discussion 
Friction Coefficient 
The measured friction losses for different flow rates of the poly­
flex tubes are listed in Table A (Appendix A.) .  The measured friction 
loss (Hf) as influenced by the velocity for three poly-flex tube sizes 
is plotted in Figure 10 for practical application. The following three 
pipe friction formulas were used to obtain the friction coefficients: 
Darcy-Weisbach's formula, Hazen Williams formula, and Scobey's formula . 
Variation in friction coefficient was evident for different sizes of 
tubes, Table 4 .  
A coefficient of variation (CV) was calculated for each pipe 
friction model to represent the variation of friction coefficient . 
Hazen-Williams friction coefficient (C) gives the lease CV, Table 4; 2 
percent as compared with 12 percent for the Darcy-Weisbach and 16 
percent for the Scobey . Thus, Hazen Williams formula was selected to 
represent the friction loss of poly-flex hoses . 
The average friction coefficient (C) values were 135 for 3/4 inch 
(ID = 0 .7536) and 1 inch (ID = 1 .0363), and 130 for 0 . 5 inch (ID = 
0 . 5 52) tubes, Table 4 .  
To investigate the type of flow in the trail tube, the Darcy­
Weisbach friction coefficient (f), and Reynold's number are plotted on 
MOody's diagram , Figure 11 . Almost all the measured data points fall 
in the transition zone and close to the smooth pipe region .  This 
result shows that poly-flex tubes were hydraulically smooth pipes and 
the type of flow was generally turbulent . 
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Figure 10: Relation Between Friction Loss in ft Per 1000 ft of Pipe, 
and the Flow Velocity in ft/sec . 
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Table 4 .  Friction Coefficient 9f Poly-Flex Tubes 
Tube size 
in inches Friction Coefficients 
OD ID f c K s 
0.50 0 . 552 0.0352 130 . 35 0.4330 
0.75 0 . 7536 0 . 0294 135 . 13 0.3888 
1.00 1 . 0363 0 . 0279 134 . 29 0.3144 
SD 0 . 0038 2 . 5 52 .0599 
X 0 .0308 133.2567 .3787 
cv 12% 2% 16% 
Where f ,  C ,  and K - friction coefficient calculated from Darcy­s 
Weisbach , Hazen-Williams and Scobey model , 
respectively , Equations 1 ,  2 and 3 .  
SD - standare deviation 
X - the mean value 
OD - outside diameter 
ID - inside diameter 
CV - coefficient of variation 
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() 3/4 inch tube data 
5 5 
Reyriolds Number, R • VD 
v 
5 
Figure 11: Measured Darcy-Weisbach Fric
tion Coefficient on Moody's 
Diagram .  (Adapted from , Trans .  
ASME , 1944) . 
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For smoo th pipes the fric tion loss for turbulent flow depends on 
flow veloc ity . Vennard (1961) reported that frict ion lo s s  is p ro-
i 1 V
l
.
75 port  ona to • It will be no ted on page 25 that H
f 
in the 
t i  2A i . 1 
1 .  85 equa on s propo rt1ona to V • This explained why Haz en-
Williams formula was a suitable model to describe fric t ion lo ss o f  
poly-flex tubes . 
Discharge Co effic ient 
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The values of measured perforation flow rate are lis t ed in Appendix 
B .  The d ischarge coeffic ient was calculated for each measurement using 
the orif ic e  formula . The average values o f  perforat ion d ischar ge , 
discharge co efficient (C
Q
), flow veloc ity , and Reynold ' s  number for all 
-the perforations were calculated and are summariz ed in Table 5 .  The 
range o f  average C
Q 
v�lues was from 0 .64 to 0 .70 as compared with the 
theoretical value o f  0 .61 for sharp- edged orific es (Peter son , 1971) . 
The relation between the measured discharge co ef f ic ient , and the calcu-. 
lated Reyno�d ' s  number R was compared with the result published by 
Brater and King (1976) . These measured values as compared with the 
practical values (Figure 12) show good agreement . The var iat ion is 
from 2 to 5 p ercent . 
Many factors can cause variabil ity in the discharge coef fic ient . 
The most s ignificant fac tor is probably the tube flow veloc ity as 
reported by Fry (1 961) . The discharge from the perforat ions is reduced 
as the veloc it.y in the tube increases . Decreasing a perforat ion 
discharge means decreas ing C
Q
. This can be seen in Tabl e  5 where the 
average C
Q 
for 0 . 5  inch tube was 0 . 64, but for the 1 inch tube it was 
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Table 5 .  Discha rge Coeffic ient o f  Perfo rations 
Orifice Diameter 
Average Tube Diameter Average Pressure in inches 
in inches in ft . of  water 1/16 5/64 1/8 CQ R 
2 . 6669 . 6 234 . 62 63 
4 . 6665 . 6289 . 6229 
1/2 6 . 68 14 . 6231 . 6 17 1  
8 . 6767 . 6248 . 6 150 
10 . 6759 . 6327 . 6181 
. 6735 . 6266 . 6 199 . 64 6., 594 
2 . 68 17 . 6620 . 7102 
4 . 6795 . 6537 . 68 12 
3/4 6 . 6664 . 6520 .6730 
8 . 6956 . 65 1 5  . 6687 
10 . 6775 . 6408 . 6671 
. 6801 . 6520 . ()800 . 67 7 , 834 
2 . 6594 . 7052 . 74 17 
4 . 6557 . 7087 . 7471 
1 6 . 6575 . 7077 . 7336 
8 . 63 16 . 7206 . 7418 
10 .6319 . 7 143 . 7333 
. 6472 . 71 13 . 7395 . 70 8 , 195 
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Figur e 12 : Values o f  Discharge Coef f ic ient and Reyno ld ' s  Number , R .  
(Adapted from Bra ter and King , 1976) . 
100 , 000 1 , 000 , 000 
w 
..... 
0 . 70 . 
Other fac tors , such as the ra tios of the perforat ion diameter to 
the tube wall thickness , the sharpnes s of the perfo rat ions t edge , and 
the smoo thness o f  the inner surface (Brater and King , 1976) may 
contr ibute to the variation as well . 
Jet Distance 
The j e t distance measurements were made in conj unct ion with the 
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perforation f low rate measurements . The poly-flex tube was oriented so 
that the angle between the j et and the ground surface at the per fo­
o 
rat ion is 45 • Average j et dis tance from the ten perfora t ions was 
summariz ed in Table 6 .  These average values are 2 .8 ,  5 . 4 ,  8 . o-- -·a:nd 9 .8 
. fe�t for the pressure heads o f  2 , · 4 ,  6 ,  and 8 feet o f  wat er , respect ively 
This table gives an es t ima te of t he spac ing to be covered with pressures 
rang�ng from 2 to 10 feet of water for three perforation s iz es (1/ 16 ,  
5/64 , and 1/8 inch) . 
Tube Flow Rate Dis tribution 
The measured tube flow rates are listed in Table 7 .  The tube 
flow rate distribut ion is needed to compare with the theo retical 
distribution,  Equat ion 1 .  In addition it provides the bas ic information 
to determine the energy lo ss distribution , Equation 10 . The measured 
flow rate distribution was compared with the theoret ical flow tate 
dis tribut ion ,  Figure 13 . Good agreement was obtained between the 
theoretical result and the measured data . The maximum variat ion is 
about 2 . 4 percent . 
Table ·6,. Average Measured Jet Dis tance 
[ Ave rage 
1Pres sure 
Head 
Feet 
2 
4 
6 
8 
10 -
1 Inch Tube 
Orif ice Size , Inch 
1/16 
X 
3 . 3  
5.8  
8 . 3  
10.8  - -
5/64 
X 
2 . 5  
4 . 5  
7 . 1  
8 .7  - -
1/8 
X 
3 .·3 
6 .6  
10 .8 
12 . 5  
10 .5  
Avera ge 
X 
3 
5.6  
8 . 8  
10 .6  - -
Where x = j et distance in feet 
3/ 4 Inch Tub e 
Orifice  S iz e , Inch 
1/16 5/64 1/8 Average 
X X X X 
2 . 5  2 . 5  2 . 5  2 . 5  
5 .0  4 .2  4 .8  4 .6  
6 .6  6 .6  6 .6 6 . 6  
8 . 3  8 . 3  9 . 0  8 . 5  
10 .0  10 .0 10 .0 10 .0 
1/2  Inch Tube 
Orif ice S iz e ,  Inch 
1/16 
X 
2 . 5  
5 . 4  
8 . 0  
10 .0  - -
5/64 
X 
2 .8  
6 .0  
8 . 3  
10 .8  
-- - -
1j8 
X 
3 . 3  
6 . 6  
10 .0 - -
- -
Average 
X 
2 .8  
6 .0  
8 . 7  
10 . 4  - -
0 (angle between j et and ground surface at the perforat ion is 45  ) 
Average 
X 
2 . 8  
5 .4 
8 . 0  
9 . 8  - -
w 
\0 
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Table 7 .  Measured Orifices Flow Rate and Tube Flow Rate Distribution 
ORIFICE TUBE Qx 
� 
X ORIFICE FLOW RATE FLOW RATE VELOCITY 2 g  
L NUMBER GPM GPM Qo FPS FEET 
1 . 0 1 0 . 1 188 0 . 1 188 o . o  o . o  o . o 
2 0 . 1641 0 . 2829 
3 0 . 17 1 0  0 . 4539 
4 0 . 1877 0 .64 16 
5 0 . 1958 0 .8374 
. 75 6 0 . 1640 1 . 00 14 0 . 1728 0 . 1728 0 . 00805 
7 0 . 1968 1 . 1 982
_ 
8 0 . 1958 1 . 3940 
9 0 . 1 500 1 . 5440 
10 0 . 1368 1 .6808 
1 1  0 . 1756 1 . 8564 
0 . 50 1 2  0 . 1257 1 .982 1 0 . 34 19 1 . 42 0 . 03 16 
13 0 . 1609 2 . 1430 
14 0 . 1404 2 . 2834 
15 0 . 1474 2 . 4308 
16 0 .2041 2 . 6349 
17 0 . 1806 2 . 81 55 
0 . 30 18 0 . 14 17 2 . 9572 0 . 5 102 2 . 13 0 .0702 
19 0 . 16 1 0  3 . 1 18 2  
20 0 . 1848 3 . 3030 
2 1  0 . 1831 3 . 486 1 
22 0 . 1673 3 . 6534 
23 0 . 1705 3 . 8 239 
24 0 . 1382 3 . 962 1  
0 . 10 25 0 . 1638 4 . 1259 0 . 7 1 18 2 . 97 0 . 137 
26 0 . 1713 4 . 2972 
27 0 . 1 505 4 . 4477 
28 0 . 1706 4 . 6 183 
28 0 . 1706 4 . 6 183 
29 0 . 2072 4 . 8255 
30 0 . 2052 5 . 03 12 
3 1  0 . 1743 5 . 2055 
32 0 . 1978 5 . 4033 
33 0 . 2126 5 . 6 1 59 
o . o  34 0 . 1806 5 .  7965 ' 1 . 0 4 . 1 7 0 . 27 
1. 0 
0. 8 
0 . 6 
0 . 4  
0 . 2 
0. 0 
0. 0 0. 2 0. 4 · .x/L 
<>---o 
Theoret ical Flow Rate 
Distribution 
Laboratory Results 
B • 0 . 7 9 
0. 6 0. 8 1 .  0 
Figure 13: Dimensionles s Dis tr ibut ion of 
Tube Flow Rate ;  Symbols  
Defined in Equation 8 • . 
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Energy Loss Dis tribut ion 
The measured pressure head, elevation, velo city head o f  wa ter 
flow at the s ix manometers on the tube are listed in Tab le 8 .  These 
input data were used to calculate the dimens ionl es s energy los s  
dis tribution along the tube. · The measured energy loss d istribution is 
compared with the theo retical energy loss dis tribut ion, Tabl e  8 .  A 
graphical comparison o f  the two distributions is shown in Figure 14 . 
The discrepancy at the tube length ratio 0 . 0 ,  0.1 , 0 .3 ,  0 . 5 ,  0 .75 , and 
1 . 0 is 0.0 , 4 .0 ,  17 . 0 ,  41 . 0 ,  70 . 0., and 0 . 0 percent, resp ectively , o f  
the measured data values. The flow rate near the downstream end of 
the tube is usually small, and the Hazen-Williams formula may become 
inadequate to describe frict ion lo ss under such a cond it ion . The 
discrepancy observed in t he laboratory may be attributed to this cause. 
Although the observed deviat ions between measured and theoretical 
energy loss distributions appears to be significant on a dimens ionless 
basis, Figure 14 , it was of l it tle prac tical importance . When the 
deviation was examined by comparing the measured pres sure with the 
calculated pressure from the theory, the errors were less than 6 
percent, which is practically negligible, Table 8 .  
Table 8 .  The Measured and the Theoretical Energy Loss Distributions . 
Measured Values Calculated Values Theoretical Values 
X P/y z V2/ 2g T . H .  Hf H H* (Hx-1\) H L X 
in . in . in . in . f t . �·;�r�·;; f t . f t . in . 
o . oo 67 . 3200 o . oooo 3 . 2400 70. 5600 1 . 0674 1 . 0000 1 . 000 0 . 99 5 . 61 67 . 44 
0 . 10 5 6 . 0000 0 . 0006 1 . 6400 66 . 6406 0 . 7407 0 . 6940 0 . 665 0 . 66 5 . 28 63 . 36 
0 . 30 61 . 3125 0 . 0319 0 . 8430 62 . 1874 0 . 3697 0 . 3464 0 . 28 9  0 . 29 4 . 91 58 . 92 
0 . 50 5 9 . 6250 - . 0306 0 . 3790 59. 9734 0 . 1852 0 . 1735 0 . 102 0 . 10 4 . 7 2  56 . 64 
0 . 7 5 58 . 3125 - . 0201 0 . 0966 58 . 3890 0 . 0532 0 . 0498 0 . 015 ' 0 . 02 4 . 64 55 . 68 
1 . 00 56 . 8125 0 . 9381 0 . 0000 59 . 7 506 0 . 0000 0 . 0000 0 . 000 o . oo 4 . 62** 55 . 44 
2 V /2g from Table 7 .  
T . H .  - total head along the tube . 
H
f 
- energy loss calculated by us ing Bernolli ' s equat�on . 
H - calculated by using equation 10, (H • Hx/H0, H0 • 1 . 0674 ft) . 
H* - values from Figure 3 ,  B • 0 . 7 9 .  
(Hx - �) - shows the energy loss distribut ion along the tube . 
H - the theoret ical energy loss distribution a long the tube . X 
** - from page 24 , · 4 � 62 f t  • 2 psi . 
v2 P/y - the theoret ical pressure distribution • �Hx - <28 + Z) ] ,  Z • po�ential head . 
P/y 
in . 
64 . 2 0  
61 . 7 2  
58 . 05 
56 . 2 9  
55 . 60 
54 . 5 0  
� 
VJ 
1 . 0  
. 8  
0 . 6 
H 
. 4  \ 
• 2 
0 . 2  
B = 0 . 7 9 
' 
' 
(!) 
' 
' 
' 
' ..... 
0 . 4 
Theoretical Distribution 
e-- ... Measured Distrib ution 
' 
��-
...... ..... 
..... ..... -.. -.. 
.... .... 
... Ci).... 
..... ..... ...... 
0 . 6 0 . 8 1 . 0  
x /L 
Figure 14 : Measured and Theo retical Energy Los s  Dis tribut ion ; Symbols 
Defined in Equat ions 10 and 8 .  
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SUMMARY AND CONCLUS IONS 
The frict ion coeff ici�nts of poly-f lex tubes , the discharge 
coef ficients of perforations along a trail tube , and the j et dis tances 
of water dis tributed by trail tubes were determined by laboratory 
measurements . 
The Hazen-Williams formula was found to be an adequate model to 
describe friction lo ss o f  poly-flex tubes . Frict ion loss coeffic ients 
of measured data based upon Hazen-Williams formula were found to be 
within a range of 130 to 135 . 
The discharge coeffic ient s for perforations with sizes o f  1 / 16 ,  
S/ 64 , and 1 / 8  inch were determined . It was found that the p erforation 
s ize has little ef fec t on the discharge coeff icient but tube s iz e  has 
an effect . The discharge coefficient values were 0 . 64 ,  0 . 67 ,  and 0 . 7  
for tube siz es of 1 / 2 ,  3/4  and 1 inch , respect ively . 
Jet dis tances for perforation sizes o f  1 / 1 6 , 5 / 64 , and 1 / 8  inch 
under different pressures were measured . Perforation size has l ittle 
effec t  on j et distance, but operat ing pres sure has a maj o r  effect  on 
j et dis tance . 
Laboratory data were used to evaluate a theory of tube irrigation 
developed by Chu (198 2 ) . This theory was tested for the conditions of 
the outermo s t  trail-tube on a center p ivot system .  The tube was 
located at  1 318 feet away from the pivot . It was to apply 1 inch of 
water in a period o f  3 days on a 1 . 0  intake family soil . The tube 
spac ing and perfo ra tion size were selected to be 5 f eet and 5 / 64 
inches . An operat ing press ure of 2 pounds per square inch was selected 
for the downstream end of the tube . 
Under the above condit ions , perforation spac ings were calculated 
according to the theory . Thirty-four perforations were drilled in a 
3 / 4  inch poly-flex tube based upon the calculated spac ing s . The flow 
rate from these perforations and the pressure along the tube o f  38 
feet in length were measured . Comparisons of these measurements with 
the theoretical f low rate and the energy lo ss distr ibution indicated 
that 
1 .  The measured discharge distribution was in goo d  agreement 
with the theory . 
2 .  The measured energy lo ss distribution was also in good 
agreement with the theory in general but deviat ions between the 
measured and the theoretical dis tributions were observed near the 
downstream end o f  the tube . 
Tube discharge near the downstream end is usually small (laminar 
flow) ; the Hazen-Williams formula probably is inadequate to represent 
the fric t ion los s  under such a condition . The observed deviation may 
be attributed to the exis tence of laminar flow at the downstream end 
of the tube . 
The deviation between measured and theoretical energy loss 
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dis tribut ion appeared to be significant on a dimens ionless basis . But 
when this deviation was examined by comparing the measured pressure 
with the theoretical pres sure the errors were les s than 6 percent and 
would be negl ig ible in prac tice . 
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APPENDIX A 
Friction Coefficient Data 
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SYMBOLS USED IN 
APPENDIX A 
H1 • the pressure at the upstream s ide o f  the tube 
in feet of water 
H2 a the pressure at the downstream s ide o f  the 
tube in f eet o f  water 
GPM • gallons per minute 
FPS • feet per second 
2 V / 2g • veloc ity head 
Hf , f ,  c ,  and Ks , see equations 1, 2 , and 3 .  
0 R • Reynold ' s  number (at 60 F) , for tubes . 
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Table A: Measured Fr ict ion Loss and Calculat ed Fr ict ion Coeff ic ient s 
Vela-
Tube Hl H2 Hf 
Dis- c ity  
2 
Fr ict ion Coeff ic ient s 
size charge v v /2g K inch feet feet ft /L GPM FPS feet f c s R 
1 / 2  4 . 7 37 7  4 . 602 3 0. 1 3 54 0. 5111 o .  68 52 0. 007 3 0. 034 1  1 4 5 . 00 0. 3 7 4 7  02 , 5 90 
(L= 2 5  o .  9o4 3 0. 4148 0. 4 8 9 6  0. 88 2 9  1 . 18 3 6  0. 02 18 o. 04 1 3  12 5 . 00 0. 4 7 9 5  04 . 4 7 4  
f eet ) 1 . 07 10 0 . 48 7 7  0. 5 8 3 3  0 . 984 7  1 . 3201 0. 02 7 1  0. 03 9 6  12 7 . 00 o. 4 64 3  04 , 9 90 
1. 904 3  0. 9 981 0 . 9063 1 . 3 5 3 3  1 . 8 1 4 3  0. 0512 0. 032 6 1 38 . 00 o. 3 94 3  06 , 8 58 
2 .  07 10 o .  94 60 1 . 1 2 5 0  1 . 3 7 04 1 . 8 3 7 2  0. 052 5 0. 03 94 124 . 00 o. 4 7 7 9  06 , 944 
3 . 904 3 1 .  9668 1 . 9 3 7 5 1 .  94 32  2 . 6051 0. 1055 0. 03 38 1 31 . 00 0. 4 2 3 9  09 , 84 7  
4 . 07 10 1 . 9460 2 . 12 50 1. 9 7 3 3  2 .  64 55 0. 1088 0. 03 5 9  12 7 . 00 0. 4 5 1 5  09 , 9 9 9  
5 . 904 3 2 . 9 2 5 2  2 . 9 7 92 2 .  4 14 1  3 .  2 3 64 0. 1 62 9  0. 033 7 12 9 . 00 0. 4 3 1 6  12 , 2 3 3 
6 . 112 7 3 .  02 93 3 . 08 34 2 .  4 34 2  3 . 2 634 0. 1 6 5 6  0. 034 3 128 . 00 0. 4 3 9 7  12 , 3 3 5  
7 .  904 3  4 . 008 5 3 . 8 958 2 , 8 1 7 0  3 . 7 7 6 6  0. 2 2 17 0. 032 3 130. 00 0. 4 2 09 14 , 2 7 5  
8 .  404 3  4 . 2 7 95 4 . 1 2 50 2 . 903 9 3 . 8 9 31 0. 2 35 6  0 . 032 2  1 3 0 . 00 0. 4 2 07 14 , 7 1 5  
9 .  904 3 5 .  08 14 4 . 8 22 9 3 . 167 6 4 . 2 4 6 6  o .  2 8 04 0. 031 6  1 3 1 . 00 0. 4 1 70 1 6 , 051 
0. 03 51 130. 3 5  0. 4 3 30 
3/ 4 o. 9 94 9  0 . 2 6 3 1  o .  7 3 18 1 . 8010 1 . 2 954 0. 02 61 0. 0350 1 31 . 7 5 0. 4 2 4 8  06 , 68 5  
( L= S O  1 .  994 9  0. 3 3 60 1 .  658 9 2 . 84 7 2 2 .  0480 0. 0652 0. 032 0 1 33 . 89 o. 4 03 7  10�:5 68 
feet ) 3 .  994 9  0. 5 652 3 . 4 2 92 4 . 1 950 3 . 01 74 0. 14 1 6  0. 0300 1 3 3 . 2 6  0. 3 9 9 7  1 5 , 5 7 0  
5 .  994 9 0. 34 65 5 . 6484 5 . 6724 4 . 08 01 0 . 2 588 0 . 02 7 2  1 3 7 . 64 0. 3 7 1 1  2 1 , 054 
8 .  994 9 2 . 2 63 1  6 . 7 3 18 6 . 1853 4 . 4 4 90 0. 307 7 0. 02 74 1 3 6 . 52 0. 3 7 52 2 2 , 958 
7 .  994 9  o .  58 08 7 .  4 14 1  6 . 5422 4. 7058 0. 344 3 0. 02 7 0  1 3 7 . 06 0. 3 7 14 2 4 , 28 3 
9 .  994 9 0. 5652 9 . 4 2 9 7  7 .  38 01 5 . 3 08 5  o. 4 381 0. 02 7 0  1 3 5 . 7 9  o. 37 5 7  2 7 , 3 9 3  
0. 02 94 1 35 . 1 3  0. 3888 
1 . 0 2 . 0287 0. 7 63 1  1 . 2 65 6  5 .  62 42 2 . 1 3 9 3  0. 0712 0. 0307 1 3 2 . 4 2  0.  4 02 5  1 5 , 1 8 0  
( L= SO 4 . 02 87 1 .  67 98 2 . 3 4 90 7 . 98 15 3 . 0360 0 . 14 3 3  0. 02 8 3  1 34 . 58 o. 384 1 2 1 , 54 3  
feet ) 6 .  02 8 7  2 .  632 � 3 . 3 958 9 . 8 3 60 3 . 7414 0. 2 1 7 6  0. 02 7 0  1 3 5 . 92 0. 3 7 34 2 6 , 54 9  
8 . 028 7 3 .  5808 4 . 44 7 9  1 1 . 4 54 9  4 . 3572  0 . 2 9 52 0 . 02 60 1 36 . 8 2  0. 3 661 30, 919 
10, 028 7  4 .  07o4 5 . 9583 1 2 . 9115 4 . 9113 0. 3 7 50 0. 02 74 1 31 . 70 0. 4 62 0  34 , 8 50 
0. 02 7 9  1 34 . 2 9  0. 3144 
VI 
N 
APPENDIX B 
Measured Perforation Flow Rate and 
Calculated Discharge Coefficient 
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Hl = 
H2 = 
H 
CQ = 
v = 
R = 
SYMBOLS US ED IN 
APPENDIX B 
the pr essure at the upstream side o f  the tube 
the pressure at the downstream side o f  the tube 
average pres sure 
the discharge coefficient 
average velocity of flow of orifices in f t / sec 
Reynold ' s  number (at t = 60°F) , for orif ices 
No te : - Some values are eliminated from 1/ 2 and 3 /4 inch tubes 
because of either too large or too small perforations 
(to tal perforat ions were 10) . 
- Values between parenthesis are averages . 
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Table Bl : Measured Perforation Flow Rate and Calculated Discharge Coef f ic ient 
Tube Or if ice Hl H2 
Average Average 
s ize size Orif ice H Discharge CQ 
v R 
inch inch number inch inch inch GPM FPS 
1/2 1/16 1 24 . 079 23 .954 24 .0165 0 . 0567 0 . 5235 
2 0 . 0826 0 . 7626 
3 0 . 0863 0 . 7968 
4 0 . 0770 0 . 7109 
5 0 . 0726 0 .6703 
6 0 . 0704 0 . 6500 
7 0 . 0600 0 . 5539 
( 0 . 0776 ) ( 0 . 6669 ) 8 . 12 3 , 467 
1 48 .079 47 .954 48 .0165 0 .0802 0 . 5237 
2 0 . 1 159 o .  7568 
3 0 . 1 19 1  0 . 1777 
4 0 . 0986 0 .6438 
5 0 . 1085 0 . 7084 
6 0. 1033 0. 6745 
7 0 .0896 0 . 5809 
( 0 . 102 1 )  ( 0 . 6665) 10 . 68 4 , 562 
1 72 .079 71 .954 72 .0165 0 .0982 0 . 5236 
2 0 . 1433 0 . 7640 
3 0. 1451  0 . 7736 
4 o . l347 0 .7182 
5 0. 1337 0 .7128 
6 0 . 1286 0 . 6856 
7 0 . 1 1 10 0 . 59 18 
( 0 . 1278 ) ( 0 .68 14)  13 . 36 5 , 711 
� 
Table Bl : Continued . 
Tube Orif ice Hl H2 
Average 
size s ize Orifice  H 
inch inch number inch inch inch 
1 96 . 079 95 .954 96 .0165 
2 
3 
4 
5 
6 
7 
1 120 . 079 119 . 954 120 . 0165 
2 
3 
4 
5 
6 
7 
1/2 5/64 1 24 .079 23 .954 24 . 0165 
2 
3 
4 
5 
6 
7 
Discharge CQ GPM -
0 . 1127 0 . 5204 
0 . 1641 0 .7577 
0 . 1569 0 .7245 
0 . 1562 0 . 7212 
0 . 1551 0 . 7162 
0 . 1519 0 .7014 
0 . 1289 0 . 5952 
( 0 . 1465) ( 0 .6767 )  
0 . 1254 0 . 5179 
0 . 1888 0 .7797 
0 . 1836 o. 7583 
0 . 1752 0 . 7237 
0 . 1573 0 .6497 
0 . 1723 0 .7116 
0 . 1429 0 . 5902 
( 0 . 1636 ) ( 0 .6759 ) 
0 . 1032 0 .6092 
0 . 1 136 0 . 6706 
0 . 1033 0 .6098 
0 . 1 134 0 .6694 
0 . 1012 0 .5974 
0 . 1089 0. 6428 
0 . 0957 0 . 5649 
( 0 . 1056 ) ( 0 . 6234) 
Average 
v 
FPS R 
15 . 32 6 , 54 6  
17 . 11 7 , 310 
7 . 07 3 , 7 7 5  
VI 
0' 
Table Bl : Continued . 
Tube Orifice  Hl H2 s ize s ize Orifice  
inch inch number inch inch 
1 48 .079 47 . 954 
2 
3 
4 
5 
6 
7 
1 72 . 079 71 .954 
2 
3 
4 
5 
6 
7 
1 96 .079 95.954 
2 
3 
4 
5 
6 
7 
Average 
H Discharge CQ inch GPM 
48 .0165 0 . 1439 0 . 6008 
0 . 16 18 0. 6755 
0 . 1503 0 .6275 
0 . 1570 0. 6555 
0. 1438 0 . 6003 
0. 1598 0 .6671 
0. 1379 0 . 5757 
( 0 . 1506 ) ( 0 . 6289 ) 
72 .0165 0 . 1769 0 . 6030 
0 . 1909 0 .6508 
0 . 18 12 0 .6177 
0 . 1937 0 .6603 
0 . 1754 0 . 5979 
0 . 1929 0. 6576 
0. 1684 0 . 5741 
( 0 . 1828 ) ( 0 .6231 )  
96 . 0165 0 . 2042 0 . 6029 
0 . 2207 0.6518 
0 . 2100 0 .6200 
0 . 2222 0 .6560 
0. 2006 0 . 5922 
0 . 2258 0 .6666 
0 . 1979 0. 5843 
( 0 . 2116 )  ( 0 .6248 ) 
Average 
v 
FPS R 
10 . 08 5 , 383 
12 . 23 6 , 534 
14 . 16 7 , 564 
lJ\ 
....... 
Table Bl : Cont inued . 
Tube Orif ice  
s ize s ize Orifice  
inch inch number 
1 
2 
3 
4 
5 
6 
7 
1/2 1/8 1 
2 
3 
4 
5 
6 
7 
1 
2 
3 
4 
5 
6 
7 
Hl 
inch 
H2 
inch 
Average 
H 
inch 
Discharge 
GPM CQ 
120 .079 1 19 .954 120 .0165 0 . 2308 0 .6095 
0.2518 0 . 6649 
0. 2308 0 .6095 
0. 2556 0 .6750 
0 .2312 0 .6105 
0 . 2498 0. 6596 
0.2272 0 .6000 
Average 
v 
FPS R 
( 0 . 2396 ) ( 0 .6327 ) 16 . 04 8 , 565 
23.89 15 23. 7665 23. 8290 0 .2594 0 . 6001 
0 . 2664 0 .6163 
o . 2552 o . 59o4 
0 . 2705 0 .6258 
0 .29 13 0 .6739 
0. 2928 0 . 6 774 
0 .2594 0 .6001 
( 0. 2707 ) ( 0.6263 ) 7 . 08 6 , 048 
47.89 15 47. 7665 47.8290 0 . 3572 0. 5833 
0 . 3677 0 .6004 
0 . 3626 0 . 5921 
0. 3859 0 .6302 
0 . 4091 0 . 6680 
0 .4157 0 .6788 
0 .3720 0 .6075 
( 0 . 3815 ) ( 0 .6229 ) 9 . 97 8 , 523 
U1 00 
Table Bl : Continued . 
Tube 
size 
inch . 
Orif ice  Average 
s ize Ori f ice Hl 
inch 
H2 
inch 
H Discharge C inch number inch GPM Q 
1 7 1 .8915 7 1 . 7665 7 1 . 8290 0 .4258 0 . 5674 
2 0 .4439 0 . 59 15 
3 0 .4403 0 . 5867 
4 0 . 4674 0 . 6228 
5 0 .4993 0 . 6653 
6 0 . 5084 0 . 6774 
7 0 .4569 0 .6088 
Average 
v 
FPS R 
( 0 . 4631 ) ( 0 .6 171 )  12 . 11 10 , 346 
1 95.89 15 95.7665 95 .8290 0 . 4971 0 . 5735 
2 0 . 5123 0 . 59 10 
3 0 . 5067 0 . 5845 
4 0 . 5324 0 .6142 
5 0 . 5773 0 .6660 
6 0 . 5807 0 .6699 
7 0 . 5253 0 . 6060 
( 0 . 5331 )  ( 0 .6 1�0 ) 1 3 � 94 11 , 910 
1 119 .89 15 1 19 . 7665 119 .8290 0 .4997 0 . 5155 
2 0 . 5824 0 . 6008 
3 0 .6286 0 .6485 
4 0 . 5933 0 .6121 
5 0 .6516 0 . 6722 
6 0 . 6417 0 .6620 
7 0 . 5965 0 .6 154 
( 0 . 5991 )  ( 0 .618 1 )  15 . 66 13 , 385  
V1 
\0 
Table B2 : Measured Perforation Flow Rate and Calculated Discharge Coeff icient 
Tube 
size 
inch 
3/4 
Orifice 
s ize Orifice 
inch number 
1/16 1 
2 
3 
4 
5 
6 
7 
Hl 
inch 
H2 
inch 
Average 
H Discharge 
inch GPM CQ 
24 .3775 24 . 2838 24 . 3306 0 .0712 0 .6194 
0 . 0905 0 . 7873 
0 . 0685 0 . 5959 
0 . 0798 0. 6943 
0 . 0693 0 . 6029 
0 .0834 0 . 7256 
0 . 0858 o. 7465 
Average 
V R 
FPS 
( 0. 0784 ) ( 0 . 6817 )  8 . 20 3 , 503  . 
1 48 .3775 48 . 2838 48 . 3306 0 . 1226 0 . 7568 
2 0 . 1241 0 .7660 
3 o . 1o13 o .6253 
4 0 .0983 0 .6068 
5 0 . 1016 0 .6272 
6 0. 1113 0 . 6870 
7 0 . 1 114 0 .6871 
( 0 . 1184) ( 0 .6795 )  12 . 38 5 , 291 
1 74 . 3775 72 . 2838 76 . 3306 0. 1507 0. 7402 
2 0 . 1319 0 .6479 
3 0. 1169 0 . 5742 
4 0 . 1206 0 . 5924 
5 0 . 1503 0 .7383 
6 0. 1370 0. 6729 
7 0. 1423 0 .6990 
( 0 . 1357) ( 0.6664 ) 14 . 19 6 , 064 
0\ 0 
Table B2 : Continued . 
Tube Orifice  Hl H2 
Average 
size size Orifice H 
inch inch number inch inch inch 
1 96 . 3775 96 .2838 96 . 3306 
2 
3 
4 
5 
6 
7 
1 120. 3775 120. 2838 120. 3306 
2 
3 
4 
5 
6 
1 
3/4 5/64 1 24 . 1588 24 .0650 24 . 1 119 
2 
3 
4 • 5 
6 
1 
Discharge CQ GPM 
0. 1423 0 .6222 
0 . 1570 0 .6865 
0. 1671 0 . 7306 
0 . 1588 0. 6943 
0 . 1399 0 .6117 
0. 1698 0 . 7424 
0 . 1787 0 . 7813 
( 0. 1591 ) ( 0. 6956 ) 
0. 1532 0 . 5993 
0 . 1840 0 . 7198 
0. 1837 0 .7186 
0 . 1746 0. 6830 
0 . 1535 0 .6005 
0 . 1712 0. 6697 
0. 192 1 0. 7515 
( 0 . 1732 ) ( 0 .6775) 
0 . 1 142 0 .6728 
0 . 1065 0 .6274 
0 . 1 129 0 .6651 
0. 1051 0 .6192 
0 . 1186 0. 6987 
0 . 1258 0 . 7411  
0 . 1035 0. 6098 
( 0 . 1124) ( 0. 6620) 
Average 
v R 
FPS 
16 . 64 7 , 109 
18 . 11 7 , 7 39 
7 . 53 4 , 018 
"' 
1--' 
Table B2 : Cont inued . 
Tube 
s ize 
inch 
Orif ice  
s ize 
inch 
Orifice 
number 
H
l 
inch 
H2 
inch 
Average 
H Discharge 
inch GPM CQ 
1 48 . 1588 48 . 0650 48 . 11 19 0 . 1602 0 . 668 1 
2 0 . 1464 0 .6106 
3 0 . 1564 0 .6523 
4 0 . 1475 0 .6152 
5 0 . 1656 0. 6907 
6 0 . 1733 o .  7228 
7 0 . 1477 0 . 6 160 
Average 
V R 
FPS 
( 0 . 1567) ( 0 .6537) 10 . 4 9  5 , 601 
1 72 . 1588 72 . 0650 72 . 1119 0 . 1955 0 .6660 
2 0 . 1780 0 .6064 
3 0 . 1908 0 .6500 
4 0• 1802 0 .6139 
5 0 .2018 0 .6875 
6 0. 2128 0 .7249 
7 0 . 1806 0 . 6 152 
( 0. 1914 )  ( 0 .6520 ) 12 . 81 6 , 842 
1 96 . 1588 96 .0650 96 . 1119 0 . 2275 0 . 6713 
2 0 .2040 0 .6020 
3 0 . 2200 0 .6492 
4 0 .2085 0 .6153 
5 0 . 2336 0 .6893 
6 0. 2476 0 . 7306 
7 0 . 2043 0 . 6029 
( 0 .2124)  ( 0 .6515)  14 . 22 7 , 592 
0\ N 
Table B2 : Cont inued . 
Tube Orif ice H
l 
H2 size s ize Or if ice 
inch inch number inch inch 
1 120. 1588 120 . 0650 
2 
3 
4 
5 
6 
7 
3/4 1/8 1 24 . 1275 24 .0337 
2 
3 
4 
5 
6 
7 
1 48 . 1275 48 .0337 
2 
3 
4 
5 
6 
7 
Average 
H Discharge CQ inch GPM 
120 . 1 119 0 . 2270 0 . 5992 
0 . 2273 0 .6000 
0 .2451 0 .6470 
0 . 2328 0 . 6 145 
0 . 2600 0 .6863 
0 . 2769 0 .7309 
0 .2301 0 .6074 
( 0 .2427) ( 0 .6408 ) 
24 .0805 0 .2889 0 .6649 
0 . 3241 0 . 7459 
0 .2919 O it6718 
0 . 3223 0 .7417 
0 . 3147 0. 7242 
0 . 3038 0.6992 
0 . 3144 0 . 7235 
( 0 . 3086 ) ( 0 . 7102 ) 
48 . 0806 0 .4002 0 .6518 
0 .458 1 0 .7461 
0 .4171  0 .6934 
0 . 3873 0 .6308 
0 . 4003 0 . 6520 
0 .4233 0. 6894 
0 .4290 0 . 7051 
( 0 . 4232 )  ( 0 . 68 12)  
Average 
v R 
FPS 
16 . 24 8 , 675 
8 . 07 6 , 895 
11 . 06 9 , 4 55 
0\ 
w 
Table B2 : Continued . 
Tube 
s ize 
inch 
Orif ice 
s ize 
inch 
Orif ice  
number 
Hl 
inch 
H2 
inch 
Average 
H 
inch 
Discharge c 
GPM Q 
1 72 . 1275 72 .0337 72 .0806 0 . 4851 0 .6453 
2 0 . 5586 0 .7430 
3 0 . 5029 0 .6690 
4 0 .4754 0 .6324 
5 0 .4810 0 .63 99 
6 0 .5113 0 .6801 
7 0 .5271 0 .7011  
Average 
V R 
FPS 
( 0 . 5059 ) ( 0 .6730) 13 . 23 11 , 303 
1 96 . 1275 96 .0337 96 . 0806 0 . 5582 0 .6431 
2 0 .6350 0 . 7316 
3 0 . 5860 0 .6751 
4 0 .5386 0 .6206 
5 0 . 5562 0 .6408 
6 0 . 5823 0 .6709 
7 0 .6067 0.6990 
( 0 . 5804) ( 0 .6687 )  15 . 17 12 , 967 
1 120 . 1275 120.0337 120 .0806 0 .6287 0.6479 
2 0.6957 0 .7170 
3 0 .6637 0 .6840 
4 0 .6014 0 .6198 
5 0 .6245 0 .6436 
6 0 .6457 0 .6654 
7 0 .6718 0 - 6923 
( 0 .6473) ( 0 .6671 } 16 . 92 14 , 462 
0\ 
+"-
Table B3 : Measured Perforation Flow Rate and Calculated Discharge Coeffic ient 
Tube 
size 
inch 
Orifice Hl H2 
Average Average 
size Orifice H Discharge CQ 
v R 
inch number inch inch inch GPM FPS 
1 . 0  1/16 1 24. 5015 24 .439 24 .4703 0 . 0753 0 .6887 
2 0 .0655 0 . 5991 
3 0 . 0827 0 . 7564 
4 0 .0739 0 .6759 
5 0 .0770 0 . 7043 
6 0 . 0752 0 .6878 
7 0.0713 0 .6521 
8 0 .0688 0 .6293 
9 0 .0741 0 .6777 
10 0 .0575 0 . 5259 
( 0 .0721 )  ( 0 .6594 )  7 . 54 3 , 2 2 2  
1 48 .5015 48 .4390 48 . 4703 0 . 1036 0 .6733 
2 0 .0899 0 . 5842 
3 0 . 1152 .o . 7487 
4 0. 1037 0.6739 
5 0 . 1075 0 .6986 
6 0 . 1061  0 .6895 
7 0 .0959 0 .6232 
8 0 . 1032 0 .6707 
9 0 . 1032 0 .6707 
10 0 .0806 0 . 5238 
( 0 . 1009 ) ( 0.6557 ) 10 . 55 4 , 509 
1 72 .4975 72 .4350 74 .4663 0 . 1257 0 .6681 
2 0 . 1404 0 .7462 
3 0 . 1398 0 . 7430 
4 . 0 . 1188 0 .6314 
5 0 . 1343 0 .7138 
-
0' 
l., 
Table B3 : Continued . 
Tube Orifice Hl H2 
Average Average 
size s ize Orif ice H Discharge CQ 
v R 
inch inch number inch inch inch GPM FPS 
6 0 . 128 1 0 .6809 
7 0. 1148 0 . 6 102 
8 0 . 1 134 0 .6027 
9 0. 1251  0 .6649 
10 0 .0971 0 . 516 1  
( 0 . 1237) ( 0 .6575)  12 . 94 5 , 527 
1 96 .435 96 . 535 96 . 4663 0 . 1440 0 .6634 
2 0. 1251 0. 5764 
3 0. 1622 0. 7472 
4 0 . 1436 0 .66 12 
5 0 . 1314 0� 6053 
6 0 . 1483 0 .6832 
7 0. 1307 0 .6021 
8 0 . 1302 0 . 5998 
9 0 . 1440 0 .6638 
10 0. 1115 0 . 5136 
( 0 . 1371 )  ( 0 .6316 )  14 . 34 6 , 126 
1 120 . 4975 120. 435 120 . 4663 0 . 1597 0. 6583 
2 0. 1403 0. 5784 
3 0 . 1600 0.6596 
4 0 . 16 13 0 .6649 
5 0. 1646 0.6785 
6 0 . 1662 0.6851 
7 0 . 1471 0. 6064 
8 0 . 1454 0 . 5994 
9 " 0 . 1607 0 .6625 
10 0 . 1279 0 . 5272 
( 0 .  1533) ( 0 .  6319 ) 16 . 0 3  6 , 850 
0\ 
0\ 
Table B3 : Continued· . 
Tube Orif ice Hl H2 s ize  s ize  Ori f ice 
inch inch number inch inch 
1 . 0  5/64 1 24 . 5015 24 .4390 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 48 . 525 48 .4390 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 
1 72 . 5015 72. 4390 
2 
3 
4 
5 
Average 
H Discharge CQ inch GPM 
24.4703 0 . 1404 0 .8206 
0. 1206 0. 7047 
0 . 1173 0 .6858 
0 . 1231 0 .7192 
0 . 1077 0 .6292 
0 . 1280 0 .7480 
0 . 1045 0 . 6 105 
0. 1228 0 . 7 179 
0 . 1252 0 . 7315 
0 . 1 171  0. 6844 
( 0. 12067 ) ( 0 . 7052 ) 
48 .4703 0. 1936 0 .8038 
0. 1684 0 . 6993 
0 . 1615 0 .6705 
0. 1684 0 .6995 
0. 1595 0. 6622 
0. 1832 0 .7607 
0. 1479 0 . 6142 
0 . 1812 0 . 7525 
0 .1 7 94 0 . 7450 
0 . 1636 0 . 67 93 
(0� 17067 ) (0 . 7052) 
72 . 4703 0. 2323 0 . 7890 
0. 2045 0. 6944 
0. 2045 0 . 6944 
0 . 2032 0 .6901 
0 . 2003 0 .6801 
Average 
v R 
FPS 
8 . 08 4 , 313  
11 . 42 6 , 101 
� 
...... 
Table B3 : Continued . 
Tube Orif ice Hl H2 
Average Average 
size size Orifice H Discharge CQ 
v R 
inch inch number inch inch inch GPM FPS 
6 0 .2223 0. 7549 
7 0. 1799 0 .6110 
8 0 .2226 0. 7559 
9 0 .2 150 0. 7302 
10 0. 1992 0. 6765 
( 0 .2084) ( 0 . 7077) 13 . 95 7 , 449 
1 96 . 5015 96 . 4390 96 . 4703 0 .2699 0. 7943 
2 0. 2383 0 .7015 
3 0 .2609 0. 7679 
4 0. 2322 0.6834 
5 0 .2305 0.6784 
6 0. 2549 0. 7503 
7 0 . 2148 0.6322 
8 0.2579 0. 7590 
9 0. 2502 o.  7365 
10 0. 2385 0 .7021  
( 0 .2448 ) ( 0. 7206 ) 16 . 38 8 , 7 51 
1 120 .5015 120.4390 120.4703 0. 3094 0.8150 
2 0 .2688 o.  7080 
3 0.3002 0. 7907 
4 0.2615 0.6888 
5 0. 2288 0.6027 
6 0. 2817 0. 7420 
7 0.2159 0. 5687 
8 0.3052 0.8039 
9 0.2937 0. 7736 
10 0. 2468 0.6501 
( 0 . 2712 )  ( 0 . 7143 ) 18 . 15 9 , 694 
"' 
(X) 
Table B 3 : Cont inued . 
Tube Orifice  Hl H2 s ize s ize Orifice  
inch inch number inch inch 
1 .0  1/8 1 24 .8140 24 .7515 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 48 .8140 48 .7515 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 72.8140 72 . 7575 
2 
3 
4 
5 
Average 
H Discharge CQ inch GPM 
24 .7828 0. 3326 0. 7545 
0. 3278 0. 7436 
0 . 3101 0. 7035 
0. 3323 o .  7538 
0 . 3430 0 . 7781 
0. 3740 0 .78 10 
0 . 3074 0.6973 
0. 3330 o.  7554 
0 . 2905 0.6590 
0 .3188 0 . 7232 
( 0 . 3270) ( 0 . 7417 )  
48 . 7828 0 .4665 0. 7573 
0 .4631 0.7488 
0 .4399 0 .7113 
0.4760 0. 7697 
0 .48 14 0 . 7784 
0.4906 0 .7933 
0.4548 o .  7354 
0 .4299 0.6951 
0 .4427 0.7158 
0.4757 0 .1692 
( 0.462 1 )  ( 0 . 7471 ) 
72 . 7828 0 . 5722 0. 7574 
0 . 5530 0.7320 
0. 5345 0. 7075 
0 .5811 0 . 7692 
0. 5733 o .  7589 
Average 
v R 
FPS 
8 . 55 7 , 306 
12 . 08 10 , 324 
0\ 
\0 , 
Table B3 : Con t inued . 
Tube 
size 
inch 
Or if ice 
s ize  Or ifice 
inch number 
6 
7 
8 
9 
10 
Hl 
inch 
H2 
inch 
Average 
H Discharge CQ inch GPM 
0 . 5951 0 . 7878 
0 . 5295 0. 7009 
0. 5252 0. 6952 
0 . 5232 0.6926 
0 . 5551 0 .7348 
Avevage 
V R 
FPS 
( 0 . 5542) ( 0 . 7336) 14 . 4 9  12 , 382 
1 96 .814 96 . 7515 96 . 7828 0.6974 0 .8006 
2 0 .6322 0. 7257 
3 . 0 . 5985 0.6870 
4 0 .6671 0. 7658 
5 0 .6662 0 � 7648 
6 0 .6717 0 .7711 
7 0.6094 0.6996 
8 0.6596 0 .7572 
9 0 . 5989 0.6875 
10 0.6612 0. 7590 
( 0 .6462} ( 0 .7418 )  16 . 89 14 , 437  
1 120.814 120. 7515 120. 7828 0 .7380 0 .7584 
2 0 . 7013 0.7206 
3 0.6295 0.6469 
4 0. 7529 0 .7737 
5 0 .7510 0 .7717 
6 0. 7587 0. 7796 
7 0.6527 0.6707 
8 0. 7425 0 .7630 
9 0 .6830 0 .7018 
10 0.7268 0. 7468 
( 0. 7136 )  ( 0. 7333 } 18 . 66 15 , 943  
........ 
0 
71 
APPENDIX C 
Numerical Solution of Equations 8 ,  9 ,  and 10 . 
SYMBOLS USED IN 
APPENDIX C 
Where 
d • the interval of integrat ion divided into an even X 
number subinterval o f  width d • X 
y0 , y1 , y2 • the only funct ional values in the above interval . 
x/L 
Hx/Hf • 
1
1 (f) , Equation 11 (Chu ,  1982 ) .  
H • Energy loss distribution 
1 x/L 
• F 
1
1 (f) , (Equation 10) . 
F • F - Factor • the sum of da , (Equat ion 9 ) . 
�/QO • Discharge distribut ion along the tube , (Equation 8) . 
7 2  
Table Cl : Numer ical Solut ion of  Equat ion s 8 , 9 ,  and 10 . 
B = 0 
S impson ' s 
x/L f factor Product Yo+4y1+Y2 
o . oo 1 .0000 1 1 .0000 
0 .05 0 .9095 4 3 .6380 
0 . 10 0 .8229 1 0 .8229 5. 4609 
0 . 15 0.7403 4 2 .9612 
0 .20 0.6618 1 0 .6618 2 .4459 
0.25 0 .5873 4 0 .3492 
0 .30 0. 5169 1 0 .5169 3 . 5279 
0 .35 0. 4507 4 1 .8028 
0.40 0. 3887 1 0 .3887 2 . 7084 
0 .45 0. 3309 4 1 . 3236 
0 .50 0. 2774 1 0. 2774 1 .9897 
0 .55 0. 2283 4 0 .9132 
0.60 0. 1836 1 0. 1836 1 . 3742 
0 .65 0. 1434 4 0 . 5736 
0 .10 0 . 1078 1 0. 1078 0.8650 
0 .75 0.0700 4 0 .2800 
0 .80 0 .0509 1 0 .0509 0.4387 
0.85 0.0299 4 0. 1 196 
0.90 0. 0141 1 0 .0141  0. 1846 
0 .95 0. 0039 4 0 .0156 
1 .00 0 .0039 1 o . oooo 0.0297 
H X 
da Hf 
( 0. 3504) 
0 .09 10 0 . 2594 
0 . 0741 0 . 1853 
0 . 0588 0. 1265 
0 .0451 0 .08 14 
0. 0332 0 .0482 
0 .0229 0 . 0253 
0 .0144 0 .0109 
0 .0073 0 . 0036 
0 .0031 0 . 0005 
0 .0005 o .oooo 
(0. 3504) 
H 
1 .0000 
0 . 7403 
0. 5288 
0 . 3610 
0 .2323 
0. 1376 
0. 0722 
0 . 0311  
0 .0103 
0 .0014 
o . oooo 
Qx/Qo 
1 .0000 
0 .9500 
0 .9000 
0. 8500 
0 .8000 
0 .7500 
0 .7000 
0 .6500 
0. 6000 
0 . 5500 
0 . 5000 
0 .4500 
0 .4000 
0 . 3500 
0 . 3000 
0 .2500 
0 .2000 
0 . 1500 
0 . 1000 
0 .0499 
o . oooo 
"" 
VJ 
Table C2 : Numer ical Solut ion of Equat ions · S ,  9 , and 10 . 
B = 0 . 2  
Simpson ' s  
Yo+4y1+Y2 x./L f factor Product 
o . oo 1 .0000 1 1 .0000 
0 .05 0 .8489 4 3. 3956 
0 . 10 0 ,.7512 1 0 .7512 5. 1468 
0 . 15 0.6657 4 2 . 6628 
0 .20 0 .5881 1 0 . 5881 4 . 0021 
0 .25 0 . 5169 4 2 . 0676 
0 . 30 0 .4513 1 0.4513 3 . 1070 
0 . 35 0 . 3907 4 1 . 5628 
0.40 0. 3348 1 0 . 3348 2 .3489 
0 .45 0.2834 4 1 . 1336 
0 .50 0. 2364 1 0 . 2364 1 .  7048 
0 .55 0 . 1936 4 0 .7744 
0 .60 0 . 1550 1 0 . 1550 1 . 1658 
0 .65 0 . 1206 4 0 .4824 
0 .70 0 .0903 1 0 .0903 0 .7277 
0 . 75 0 .0643 4 0 .2572 
o .8o 0 .0424 1 0 .0424 0 . 3899 
0 .85 0 .0248 4 0 .0992 
0 .90 0 .0117 1 0 .01 1 7  0 . 1533 
0.95 0 .0032 4 0 .0128 
1 . 00 0 .0000 1 o .oooo 0 .0245 
H X 
da Hf 
( 0 . 3128 )  
0 . 0858 0 .2270 
0 . 0667 0 . 1603 
0 . 0518 0 . 1085 
0 .039 1 0 . 0694 
0 .0284 0 .0410 
0 .0194 0 . 02 16 
0 . 012 1 0 . 0095 
0 . 0065 0 .0030 
0 . 0026 0 .0004 
0 .0004 o . oooo 
(0 . 3128 ) 
H 
1 . 0000 
0 . 7257 
0 . 5125 
0 . 3469 
0 . 2219 
0 . 131 1  
o . p691 
0 .0304 
0 . 0096 
0.0013 
0 . 0000 
Qx/ Qo 
1 .0000 
0 . 9 153 
0 .8567 
0 . 8025 
0 . 7505 
0 . 7000 
0 .6505 
0 . 6017 
0 . 5535 
0 . 5058 
0 .4586 
0 .4117 
0 . 3650 
0 . 3188 
0 . 2726 
0 .2268 
0 . 181 1  
0 . 1356 
0 . 0903 
0 . 0451 
0 .0000 
....... � 
Table C3 : Numerical Solut ion of Equat ions 8 , 9 ,  and 10 . 
B = 0 . 4  
Simpson ' s  
xlL f factor Product Yo+4yl+y2 
o . oo 1 .0000 1 1 . 0000 
0 .05 0 .7903 4 3. 1612 
0 . 10 0 .6826 1 0 .6826 4 .8432 
0 . 15 0 .5947 4 2 . 3788 
0 . 20 0 . 5185 1 0 .5185 3 . 5799 
0 .25 0. 4507 4 1 .8028 
0 .30 0.3898 1 0 .3898 2 . 7111  
0 . 35 0. 3346 4 1 .3384 
0.40 0. 2846 1 0 . 2846 2 .0128 
0 .45 0 . 2393 4 0.9572 
0 . 50 0. 1984 1 0 . 1984 1 .4402 
0 . 55 0 . 16 16 4 0 .6464 
0 .60 0 . 1287 1 0 . 1287 0 .9735 
0 .65 0 . 0997 4 0 . 3988 
0 . 70 0 .0743 1 0 .0743 0 .6018 
0 . 75 0. 0526 4 0 .2 104 
o .ao 0. 0346 1 0 . 0346 0 . 3193 
0 . 85 0 .0202 4 0 . 0808 
0 .90 0 .0095 1 0 .0095 0 . 1249 
0 .95 0.0026 4 0 .0104 
1 .00 o .oooo 1 o .oooo 0 .0199 
H X 
da Hf 
( 0 . 2770 )  
0 .0807 0 . 1963 
0 .0597 0 . 1366 
0 .0452 0 .09 14 
0 .0335 0. 0579 
0 .0240 0 .0339 
0 .0162 0 . 0177 
0 .0100 0 .0077 
0 .0053 0 . 0024 
0 . 0021 0 . 0003 
0 .0003 o .oooo 
( 0. 2770) 
H 
1 .0000 
0 . 7087 
0 .4931 
0 .3300 
0 . 2090 
0 . 1224 
0 . 0639 
0 .0278 
0 .0087 
0 .0011  
0 .0000 
Qx/Qo 
1 .0000 
0 . 8806 
0 . 8 135 
0 .7551 
0 . 7011  
0 .6500 
0 .6009 
0 . 5534 
0 . 5070 
0 . 4617 
0 . 4172 
0 . 3734 
0 . 3301 
0 .2875 
0 . 2453 
0 .2036 
0 . 1623 
0. 1212 
0 . 0807 
0 .0401 
o .oooo 
"' 
V1 
Table C4 : Numerical Solut ion o f  Equations 8 , 9 ,  and 10 . 
B = 0 . 6 
S impson ' s 
Yo+4yl+y2 x/L f factor Product 
o . oo 1 .0000 1 1 .0000 
0.05 0. 7336 4 2 .9344 
0 . 10 0 .6170 1 0 .6 170 4 . 5514 
0 . 15 0. 5274 4 2 . 1096 
0 . 20 0 .4528 1 0 .4528 3. 1794 
0 . 25 0 .3887 4 1 . 5548 
0 . 30 0 . 3324 1 0 .3324 2 . 3400 
0 .35 0 . 2826 4 1 . 1304 
0 .40 0. 2382 1 0.2382 1 . 7010 
0 .45 0 . 1987 4 0 . 7948 
0 .50 0. 1635 1 0. 1635 1 . 1965 
0 . 55 0. 1323 4 0. 5292 
0.60 0 . 1047 1 0 . 1047 o. 7974 
0 .65 0 .0806 4 0 . 3224 
0 . 70 0.0597 1 0 . 0597 0.4868 
0 . 75 0 .0421 4 0. 1684 
0.80 0 .0275 1 0.0275 0 .2556 
0. 85 0 .0160 4 0 .0640 
0 .90 0 . 0075 1 0 .0075 0 . 0990 
0 .95 0.0020 4 o . ooao 
1 .00 0. 0000 1 o .oooo 0.0155 
H X 
da Hf 
( 0. 2439 ) 
0 . 0759 0 . 1680 
0 .0530 0 . 1150 
0 .0390 0 . 0760 
0 . 0284 0 .0476 
0.0199 0.0277 
0 .0133 0 .0144 
0 .0081 0 .0063 
0 . 0043 0 .0020 
0 .0017 0 . 0003 
0 . 0003 o . oooo 
( 0 .2439 ) 
H 
1 . 0000 
0. 6888 
0 .4715 
0 . 31 16 
0 . 1952 
0 . 1 136 
0 .0590 
0 . 0258 
0 .0005 
0 .00 12 
o .oooo 
Qx/Qo 
1 . 0000 
0 .8458 
0. 7703 
0 . 7076 
0. 6516 
0 . 6000 
0 . 5514 
0 . 5050 
0 . 4605 
0 .4 175 
0 . 3757 
0 . 3350 
0 .2953 
0 .2563 
0 . 2 180 
0 . 1804 
0 . 1433 
0 . 1068 
0 . 0710 
0 .0352 
0 .0000 
....... 
"' 
Table CS : Numerical Solution of Equations 8 , 9 ,  and 10 . 
B = 0 . 8 
Simpson ' s 
Yo+4yl+y2 x/ L  f factor Product 
o.oo 1 .0000 1 1 .0000 
0.05 0.6789 4 2 .7156 
0 . 10 0. 5544 1 0 .5544 4 . 2700 
0. 15 0 .4638 4 1 .8552 
0 .20 0 .39 13 1 0 .39 13 2 .8009 
0. 25 0. 3309 4 1 . 3236 
0 .30 0.2793 1 0 .2793 1 . 9942 
0.35 0 .2346 4 0.9384 
0.40 0. 1957 1 0. 1957 1 .4134 
0.45 0. 1616 4 0.6464 
0 .50 0. 1317 1 0 . 1317 0.9738 
0 .55 0. 1056 4 0.4224 
0.60 0 .0829 1 0 .0829 0. 6365 
0 .65 0 .0633 4 0 .2532 
0 .70 0.0466 1 0 . 0466 0. 3827 
0 . 75 0.0326 4 0. 1304 
o .8o 0 .0212 1 0 .02 12 0 . 1982 
0 .85 0. 0122 4 0.0488 
0.90 0.0057 1 0 .0057 0 .0757 
0.95 0 .0015 4 0 .0060 
1 . 00 0 .0000 1 o . oooo 0 .0117 
H X 
da Hf 
( 0 .2127) 
0 .0712 0. 14 15 
0. 0467 0 .0948 
0. 0332 0 .06 16 
0 .0236 0.0380 
0. 0162 0.02 18 
0 .0106 0 .0112 
0. 0064 0 .0048 
0 .0033 0 . 0015 
0 .0013 0. 0002 
0 .0002 o .oooo 
( 0 . 2127) 
H 
1 . 0000 
0.6654 
0.4458 
0. 2897 
0 . 1787 
0. 1025 
0. 0527 
0 .0226 
0 .0071 
0 .0009 
o . oooo 
Qx/Qo 
1 .0000 
0 . 8 1 1 1 
0 . 7270 
0 . 6602 
0 . 6022 
0 . 5500 
0 .5019 
0 .4567 
0.4141  
0 .3733 
0 . 3343 
0 . 2967 
0 .2603 
0 . 2250 
0. 1906 
0 . 1572 
0 . 1245 
0 .0924 
0 .06 12 
0 . 0303 
0 .0000 
........ 
........ 
Table C6 : Numerical Solution of  Equations 8 , 9 , and 10 . 
B = 1 . 0  
Simpson ' s 
yo+4yl+y2 · x/L f factor Product 
o . oo 1 .0000 1 1 .0000 
0.05 0 . 6261 4 2 . 5044 
0 . 10 0 .4950 1 0 .4950 3 .9994 
0. 15 0. 4040 4 1 .6 160 
0. 20 0 . 3340 1 0 .3340 2 .4450 
0.25 0 . 2774 4 1 . 1096 
0 . 30 0 .2304 1 0. 2304 1 .6740 
0 .35 0 . 1908 4 0.7632 
0.40 0 . 1570 1 0 . 1570 1 . 1506 
0 .45 0 . 1280 4 0 .5120 
0 .50 0 . 1031 1 0 . 1031 0. 7721 
0 . 55 0.0818 4 0 .3272 
0.60 0.0635 1 0 .0635 0.4938 
0 .65 0. 0480 4 0 . 1920 
0 .70 0 .0350 1 0.0350 0 .2905 
0 . 75 0 .0243 4 0 .0972 
0 .80 0. 0156 1 0 .0156 0 . 1478 
0. 85 0.0089 4 0 .0356 
0.90 0.0041 1 0 .0041 0 .0553 
0 .95 0.0011 4 0 .0044 
1 .00 o . oooo 1 o . oooo 0 .0085 
H X 
da Hf 
( 0 . 1840) 
0 .0667 0 . 1173 
0 .0408 0 .0765 
0 .0279 0 .0486 
0 . 0192 0 .0294 
0 .0129 0 .0165 
0 .0082 0 .0083 
0 . 0048 0 .0035 
0 .0025 0 .0010 
0 . 0009 0 .0001 
0 . 0001 o . oooo 
( 0. 1840) 
H 
1 .0000 
0 .6375 
0 .4158 
0 .2641 
0 . 1598 
0 .0897 
0 . 0451 
0 .0190 
0.0054 
0 .0005 
o . oooo 
Qx/Qo 
1 .0000 
0 . 7764 
0 .6838 
0 . 6127 
0 . 5528 
0 . 5000 
0.4523 
0 .4084 
0 . 3676 
0 . 3292 
0 . 2928 
0 . 2584 
0 .2253 
0 . 1938 
0 . 1633 
0 . 1340 
0 . 1055 
0 .0780 � 0 .0512 
0 .0253 
o . oooo 
'-' 
· oo  
